Epistasis-the non-additive interactions between different genetic loci-constrains evolutionary pathways, blocking some and permitting others [1] [2] [3] [4] [5] [6] [7] [8] . For biological networks such as transcription circuits, the nature of these constraints and their consequences are largely unknown. Here we describe the evolutionary pathways of a transcription network that controls the response to mating pheromone in yeast 9 . A component of this network, the transcription regulator Ste12, has evolved two different modes of binding to a set of its target genes. In one group of species, Ste12 binds to specific DNA binding sites, while in another lineage it occupies DNA indirectly, relying on a second transcription regulator to recognize DNA. We show, through the construction of various possible evolutionary intermediates, that evolution of the direct mode of DNA binding was not directly accessible to the ancestor. Instead, it was contingent on a lineage-specific change to an overlapping transcription network with a different function, the specification of cell type. These results show that analysing and predicting the evolution of cis-regulatory regions requires an understanding of their positions in overlapping networks, as this placement constrains the available evolutionary pathways.
Epistasis-the non-additive interactions between different genetic loci-constrains evolutionary pathways, blocking some and permitting others [1] [2] [3] [4] [5] [6] [7] [8] . For biological networks such as transcription circuits, the nature of these constraints and their consequences are largely unknown. Here we describe the evolutionary pathways of a transcription network that controls the response to mating pheromone in yeast 9 . A component of this network, the transcription regulator Ste12, has evolved two different modes of binding to a set of its target genes. In one group of species, Ste12 binds to specific DNA binding sites, while in another lineage it occupies DNA indirectly, relying on a second transcription regulator to recognize DNA. We show, through the construction of various possible evolutionary intermediates, that evolution of the direct mode of DNA binding was not directly accessible to the ancestor. Instead, it was contingent on a lineage-specific change to an overlapping transcription network with a different function, the specification of cell type. These results show that analysing and predicting the evolution of cis-regulatory regions requires an understanding of their positions in overlapping networks, as this placement constrains the available evolutionary pathways.
Pathways of evolution are highly dependent on their starting points, a phenomenon often referred to as historical contingency [1] [2] [3] . For example, studies of protein evolution have shown that initial permissive mutations are often required before a second mutation causes an evolutionary shift in function 4 . Without the initial mutation, the second mutation could be deleterious. The structural requirements for protein folding and function underlie such behaviour and are a common source of epistasis [5] [6] [7] .
Considerably less is known about historical contingency in the evolution of transcription networks, which often comprise several transcription regulators and many target genes. It has been suggested that epistasis is prevalent in the evolution of regulatory networks 8, 10 , but detailed examples documenting its underlying causes are largely lacking. Here we studied the effects of contingency in the evolution of a transcription network in yeast that has diversified over several hundred million years. We found that network-level changes altered the evolutionary pathways available to individual cis-regulatory regions as these changes occurred at the intersection of two different but overlapping networks. The transcription regulator Ste12 controls the response to mating pheromone in the budding yeast Saccharomyces cerevisiae 11 (Fig. 1a ). When cells sense pheromone of the opposite mating type, Ste12 is activated by phosphorylation and transcriptionally upregulates many genes involved in mating 12 . This function of Ste12 is conserved in the dairy yeast, Kluyveromyces lactis 13 (Fig. 1b, c and Extended Data Fig. 1 ), a species that diverged from S. cerevisiae ,100 million years ago 14 , and in the more distantly related pathogen of humans, Candida albicans 15, 16 . Thus, many aspects of pheromone-activated gene expression (including the DNA sequence recognized by Ste12) have been conserved across the ,200 million years separating these three species from their common ancestor.
The genes induced by pheromone-activated Ste12 can be classified into two distinct sets, those genes specific to either the a or the a cell types (5) (6) (7) (8) (9) (10) (11) (12) genes, depending on the species), and the general pheromone-activated genes (,100 genes), which are induced in both cell types. The three yeast species described above all have two mating cell types, a and a, that express complementary sets of genes allowing them to mate with the opposite mating type 17 . This study focuses on the a-specific genes (asgs), so named because they are expressed and respond to pheromone in a cells but not in a cells.
Using bioinformatics approaches, we quantified the number of Ste12 cis-regulatory sequences upstream of the asgs and the general pheromone-activated genes in the genomes of 40 yeasts. For the general pheromone-activated genes, Ste12 binding sites were significantly enriched (relative to the rest of the genome) across the Candida, Kluyveromyces, and Saccharomyces clades. Given the central, conserved role of Ste12 in the pheromone response, this enrichment was expected. However, the asgs showed enrichment for Ste12 binding sites only in the Saccharomyces clade ( Fig. 1c and Extended Data Fig. 2 ). Although the asgs respond to pheromone across all three clades, they seemed to lack Ste12 cis-regulatory sequences in the Kluyveromyces and Candida clades. We considered three scenarios for how Ste12 activates the asgs in clades where these genes lack Ste12 cis-regulatory sequences: (1) Ste12 could bind to DNA sites in the asgs that are sufficiently degenerate that they fall below our threshold of detection; (2) Ste12 could be recruited through protein-protein interactions with a second transcription regulator 18 that binds directly to other cis-regulatory sites upstream of the asgs; or (3) Ste12 could act 'upstream' by activating another regulator that binds to and activates the asgs directly.
We distinguished among these models (or a combination of them) by identifying the regulatory regions bound by Ste12 in K. lactis by chromatin immunoprecipitation followed by sequencing (ChIP-seq). As in S. cerevisiae 9 , K. lactis Ste12 was bound to the upstream regions of the asgs (Fig. 2a , b) as well as to the general pheromone-activated genes ( Fig. 2c ). Thus, K. lactis Ste12 is recruited to the promoters of the asgs and activates them in response to pheromone in the absence of recognizable Ste12 binding sites.
We considered the possibility that Ste12 is recruited to the asgs in K. lactis through a series of low-affinity cis-regulatory sequences or ''mismatched'' sequences, a situation that has been documented for certain other transcription regulators 19, 20 . In our case, the mismatched Ste12 sites are ubiquitous across the K. lactis genome (Extended Data Fig. 3 ); by mutating these mismatched sites, we showed they are not required for induction of the asgs by Ste12 ( Fig. 2d , e; Extended Data Fig. 4 ).
Three experimental results show that, in the K. lactis lineage, Ste12 is indirectly recruited to the asgs by association with the transcription regulator a2. a2 is encoded by the MATa2 gene (also known as MATA2) in the a mating-type locus; it is thus expressed in a cells (but not in a cells), where it activates transcription of the asgs 21 . (1) The Ste12 ChIP peaks at the asgs were positioned over the cis-regulatory motif for a2 ( Fig. 2a, b ). (2) Deletion of the MATa2 gene impairs pheromone-induction of the asgs (Fig. 3b, c) . (3) The cis-regulatory sequence for a2 is sufficient to mediate pheromone induction when moved into a naive promoter. a2 always works with a ubiquitously expressed regulator, Mcm1 (ref. 21; Extended Data Fig. 5 ), so we kept the cis-regulatory sites of these regulators together for the purpose of this experiment. The a2-Mcm1 site, when inserted into a test reporter, activated green fluorescent protein (GFP) in response to pheromone ( Fig. 3d and Extended Data Fig. 6 ). No Ste12 cisregulatory sites (even mismatched ones) were present in the DNA added to the reporter construct, and the reporter itself was not pheromone-inducible. ChIP-seq was performed in a K. lactis strain that contained this reporter, and the a2-Mcm1 site was sufficient for efficient recruitment of Ste12 in the presence of pheromone ( Fig. 3e ). We can rule out the possibility that Mcm1 alone recruits Ste12 from the fact that Mcm1 binds to hundreds of genes in K. lactis and none of these are pheromone-inducible, except those also bound by a2 (refs 22, 23). Thus, the majority of the specificity for recruitment of Ste12 must come from a2. We also note that Ste12 did not bind to the promoter region of the MATa2 gene (not shown), ruling out the possibility that during the pheromone response, Ste12 acts as an upstream activator of a2, which then activates the asgs.
We now turn to the question of how the two different recruitment modes of Ste12 (direct and indirect) arose. Prior experiments in At right, the K. lactis STE2 regulatory region was fused to GFP and fluorescence was measured by flow cytometry. Shown is the mean fluorescence 6s.d. for three independent genetic isolates, each grown and analysed separately. NS, not significant. Bottom, the construct contains two point mutations in each of the mismatched Ste12 cis-regulatory sites that should disrupt any residual Ste12 binding to these sites. Although this construct is pheromone-inducible, we note that the basal expression of the K. lactis promoter increased when the mismatched Ste12 sites were mutated, probably through the creation of a binding site for another activator. *P , 0.05, ***P , 0.001, by analysis of variance (ANOVA) followed by Tukey's honest significant difference; for clarity, only the most relevant relationships are shown.
several species 16,21 combined with the phylogenetic distribution of Ste12 ( Fig. 1c ) and a2 (ref. 16) binding sites indicate that indirect recruitment by a2 at the asgs was ancestral, and that the Ste12 sites were gained in the Saccharomyces clade. At the general pheromoneactivated genes, Ste12 is directly bound to DNA by cis-regulatory sequences in all three clades, providing an explanation for why Ste12 has retained the same DNA-binding specificity.
To understand why Ste12 cis-regulatory sites were gained at the asgs in the Saccharomyces clade and not other clades, we introduced these sites into an ancestral-like promoter (STE2 of K. lactis) and observed the effect on asg expression ( Fig. 4a ). Introducing strong Ste12 sites by point-mutating mismatched sites in the regulatory region increased the expression in a cells, but it also resulted in mis-expression of the gene in a cells. Expression of asgs in a cells interferes with sexual reproduction because the cells respond to their own pheromones and eventually become insensitive to both a and a pheromone 24 . Thus, we conclude-in the absence of other changes-that the evolution of high-affinity Ste12 sites disrupts the function of the ancestral form of regulation, causing misexpression of the asgs in a cells that would result in a loss of mating.
These results indicate that a prior permissive change in asg regulation was probably necessary for Ste12 sites to be gained in the Saccharomyces clade. In the Saccharomyces lineage, after the split from Kluyveromyces, the activator of the asgs (a2) was replaced by an a cell-type-specific repressor, a2 (ref. 23). To test whether this change permitted the Ste12 cis-regulatory sites to be gained upstream of the asgs, we performed an experiment in Lachancea kluyveri (Fig. 4b ), a species in which all of the asgs are activated by a2, and (in contrast to K. lactis) two of them are also repressed by a2 (ref. 23). In other words, we chose a species in which both a2 and a2 are active. We used the L. kluyveri STE2 regulatory region, which is normally regulated by a2 but not a2, to test the effects of introducing the Ste12 a, Diagram of asg cell-type-specific regulation in K. lactis. b, c, Induction of the asgs in response to pheromone in WT and MATa2D strains. Expression is shown as mean mRNA level 6s.d. for three independent genetic isolates, each grown and analysed separately. for a-specific genes (b) and general pheromone-activated genes (c). STE2 is shown as a general pheromoneactivated gene because in this strain, its promoter was replaced by the SST2 promoter. The differences between WT and MATa2D pheromone induction are significant in b, P , 0.01, but not in c, P . 0.05, by ANOVA. d, The a2-Mcm1 sites were moved into the S. cerevisiae CYC1DUAS promoter and expression was measured in K. lactis in uninduced (solid bars) and pheromoneinduced (striped bars) conditions. Shown is mean fluorescence 6s.d. of three independent genetic isolates, each grown and analysed separately ***P , 0.001, by ANOVA followed by Tukey's honest significant difference. e, Ste12-myc ChIP-Seq signal for the genome-integrated reporter construct. Symbols are described in Fig. 2 . a, Expression of the K. lactis STE2 reporter in the absence of pheromone. Expression is shown as mean 6s.d. for three independent isolates, each grown and analysed separately ***P , 0.001; **P , 0.01, by ANOVA followed by Tukey's honest significant difference; for clarity, only the most relevant relationships are shown. b, Diagram of the cis-regulatory sites in the L. kluyveri STE2 promoter. c, The STE2 gene promoter from L. kluyveri was fused to GFP and integrated into the L. kluyveri genome. Ste12 and a2 binding sites were introduced by point mutation, and each construct was measured in four independent genetic isolates by flow cytometry. Shown is the mean fluorescence for four 6s.d. independent isolates, each grown and analysed separately. Statistical tests shown as in a. d, Constructs with added Ste12 binding sites were tested for the ability to compensate for the deletion of the MATa2 gene in K. lactis. Shown as in a.
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and a2 cis-regulatory sites. Introducing Ste12 cis-regulatory sites by point mutation again resulted in ectopic expression of the asgs in a cells, as we observed for K. lactis (Fig. 4c ). However, this mis-expression could be mitigated by adding cis-regulatory sequences for the repressor a2 (Fig. 4c ), the situation found naturally in S. cerevisiae 24,25 .
These results indicate that the switch from a2-mediated activation to a2-mediated repression of the asgs was permissive for the gain of Ste12 cis-regulatory sequences in this lineage. a2 repression was gained in the common ancestor of Kluyveromyces and Saccharomyces clades 23 , and the Ste12 cis-regulatory sites were gained millions of years later, in the Saccharomyces clade ( Fig. 5a ). These observations indicate that, while the gain of a2 repression was permissive for the subsequent gain of Ste12 sites, it did not directly cause it. The gain of Ste12 sites did occur, however, at roughly the same time as another evolutionary event, the loss of the activator MATa2 (ref. 21 ), suggesting that the gain of Ste12 sites may have permitted the loss of this gene (Fig. 5a ). To test this possibility, we observed the expression of the K. lactis STE2 reporter in the absence of a2 ( Fig. 4d and Extended Data Fig. 7 ). Adding the Ste12 cis-regulatory sites could indeed compensate for the deletion of MATa2 in both basal and pheromone-activated gene expression ( Fig. 4c, d ). If we assume that loss of MATa2-on its own-would have been deleterious, it is likely that at least some Ste12 sites were gained first, thus mitigating the potentially deleterious effects of losing MATa2.
Gene regulatory regions are shaped by evolutionary forces including selection and drift, each of which leave distinct patterns in the cis-regulatory regions of genes 26 . To further understand the forces that shaped the evolution of asg cis-regulatory regions, we employed two independent approaches 27,28 . Both methods suggested that Ste12 cisregulatory sites in the asgs are maintained by purifying selection in the Saccharomyces clade, but, as predicted, the 'mismatched' Ste12 sites in both the Saccharomyces and Kluyveromyces clades are not (Extended Data Figs 8, 9) . In particular, in the Saccharomyces clade, Ste12 sites were conserved with respect to the rest of the intergenic regions (P 5 1.40 3 10 26 by likelihood ratio test (LRT)), while mismatched sites were not (P 5 1 by LRT). In the Kluyveromyces clade, neither Ste12 sites (P 5 0.26 by LRT) nor mismatched sites (P 5 1 by LRT) show significant conservation in the asgs.
Our previous studies have shown how the transcription network controlling cell-type identity in yeast evolved 16,21,23 . Here, we have shown how the evolutionary history of this network affected the evolution of an overlapping but distinct transcription network controlling the response to mating pheromone. The two networks overlap by virtue of sharing a common set of target genes. The genes at the intersection of these two networks (the asgs) were constrained in the evolutionary pathways available to them. In the ancestral state, the gain of Ste12 cis-regulatory sites were not allowed, as this would lead to cell-type misexpression. The evolution of a2 repression, which occurred in the ancestor of the S. cerevisiae clade, made the gain of these sites possible, and the loss of the MATa2 gene at a much later time necessitated the maintenance of the Ste12 sites and prevented a return to the ancestral mode of regulation (Fig. 5b) .
In protein evolution, neutral mutations can alter the effect of subsequent mutations, suggesting that evolution depends on chance events 2 . Although we do not know whether the gain of a2 repression was strictly neutral, it did not change the overall asg expression pattern. However, it did permit changes in the overlapping circuit responsible for pheromone induction. Stated another way, changes in the asg circuitry altered the effect of introducing Ste12 sites to the asgs. Such epistatic interactions are the source of the historical contingency we observed in the asg regulatory network, effects that are well documented for individual proteins 4 .
Studies of enhancers across species have indicated that many molecular solutions are possible for a given output 16,23,29,30 . Our results show that not all solutions are accessible, and those that are accessible are contingent on the functional interactions between overlapping transcription networks. These constraints are not apparent from observation of the individual components of networks (for example, a single enhancer), but only arise from complex interactions between networks. We propose that understanding the evolution of cis-regulatory regions (and predicting their behaviour) requires an understanding of the network structures in which they function.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. 
METHODS
The experiments were not randomized and the investigators were not blinded to allocation during experiments and outcome assessment. Distribution of Ste12 cis-regulatory sites. Conserved, highly pheromoneinduced genes were identified by comparing previously published expression data from S. cerevisiae and C. albicans 15, 31 . We combined results from three independent orthologue maps 22,32,33 to find pheromone response genes that were present in most hemiascomycete yeast species. General pheromone-activated genes were defined as genes that were among the top ten most highly pheromone-activated genes in S. cerevisiae or C. albicans, present in the genomes of most hemiascomycete species, and are not an asg in S. cerevisiae, K. lactis, or C. albicans. The asgs were defined as showing differential expression between a and a cells in S. cerevisiae, K. lactis, or C. albicans. The protein sequences of these genes were used as a psi-blast query to identify orthologues in species whose genomes were not included in any of the orthologue maps. MFA1 genes, which encode for the a-factor pheromone, are too short to be annotated by automated bioinformatics techniques, so they were identified manually in most species using tblastn. Ste12 motifs were generated from general pheromone response gene intergenic regions pooled from all the species in a given clade. Each intergenic region was considered up to 600 bp upstream of the start codon, a distance that is likely to capture functional Ste12 cis-regulatory sites 34 . The program MEME was used to find overrepresented sequences in these sets of intergenic regions, under conditions assuming zero to one binding site per intergenic region. Because the motifs generated for Ste12 from the Kluyveromyces, Saccharomyces, and Candida clades were highly similar, we pooled intergenic regions from all three clades and generated a 7bp motif to score individual gene regulatory regions across the hemiascomycetes. The upstream 600 bp of intergenic regions were scored as described 35 for the number of Ste12 motifs above a given cutoff. For 'consensus' sites, the cutoff only accepted a single sequence: TGAAACA. For mismatched sites, the cutoff allowed deviation from the consensus sequence of a single nucleotide in any position in the motif. For genes that were duplicated in a species (that is, contained more than one copy) the copy with the largest number of Ste12 sites was taken, because this was the most stringent criterion to test our hypothesis that the a-specific genes lacked Ste12 sites in the Kluyveromyces and Candida clades. MFA1 genes often are found in multiple copies in each species (that is, MFA1 and MFA2) so two copies were included when present.
Ste12 motifs were also enumerated in the rest of the intergenic regions in each species. Enrichment of the Ste12 motif in either the a-specific genes or the general pheromone response genes with respect to the rest of the genome was calculated using the hypergeometric distribution at all possible cut-offs of number of Ste12 motifs. The cutoff giving the most significant p-value was chosen, because this represented the most stringent test of our hypothesis that the a-specific genes lacked Ste12 sites in the Kluyveromyces and Candida clades.
Sequence data were obtained from the Yeast Gene Order Browser (YGOB) and the Joint Genomes Institute (JGI) websites (http://ygob.ucd.ie and http://genome.jgi.doe.gov, respectively). Code availability. Python code used for the analysis of regulator binding sites across yeast species is available on request. Strain construction. Constructs for gene disruption, epitope tagging, and promoter replacement were generated by fusion PCR 36 . Three to five individual PCR components were amplified using ExTaq (Takara), and 50 ng of each were combined into a single 50 ml reaction along wth 0.5 ml ExTaq, 0.4 ml 25 mM dNTPs, 0.1 ml of each 100 mM primer. The reactions were incubated in a thermocycler: 95 uC 3:00, (95 uC 0:30, 55 uC 0:30, 72 uC 1:00 per kb) 3 4, (95 uC 0:30, 58-72 uC 0:30 (depending on the annealing temperature of the primers), 72 uC 1:00 per kb) 3 30, 72 uC 10:00.
The GFP reporters for K. lactis, L. kluyveri, and S. cerevisiae were constructed from the original vector that was made for use in K. lactis. pTS12 was made from a 5-piece fusion PCR, digested with KasI and HindIII (New England Biolabs) and ligated into pUC19 using Fast-Link ligase (Epicentre Biotechnologies). Vectors were treated with Antarctic phosphatase (New England Biolabs) for 30 min before ligation. The reporter consisted of the upstream flanking region of the K. lactis TRP1 gene, the S. cerevisiae TRP1 gene, the entire S. cerevisiae CYC1 upstream intergenic region, the caGFP and Act1 terminator 37 , and the downstream flanking region of K. lactis TRP1. The S. cerevisiae TRP1 gene was replaced with the hygromycin resistance marker from pFA6-HTB-hphMX4 38 by digestion with BsiWI and PmlI and ligated to make pTS16. The CYC1 promoter UAS was deleted by digestion with XhoI. DNA oligonucleotides with sites for NotI and BamHI sites were annealed in Fast-link ligase buffer (Epicentre Biotechnologies) and ligated in a 50:1 insert to vector ratio to make pTS26. This vector was used to make the other reporters for use in K. lactis by ligating annealed oligonucleotides or digested PCR products into the NotI and XhoI sites. Vectors incorporating an entire intergenic region of a gene were constructed by ligating digested PCR products the sites SacI and AgeI. The L. kluyveri reporter was made by cloning upstream and downstream homology to the TRP1 locus into the NgoMIV/BstEII and BlpI/HindIII sites, respectively. These homology regions were then swapped out for homology to the URA3 locus to improve the efficiency of integration of the reporter by selection with 5-FOA. The altered regions of the L. kluyveri STE2 promoter were cloned as with the K. lactis reporter. The S. cerevisiae reporter was made by cloning the STE2 promoter fused to GFP into a centromeric reporter, pRS412, using the KpnI and SacI sites.
To measure the pheromone response in a strain that lacks MATa2, we replaced the promoter of STE2 with that of a general pheromone response gene that is not dependent on a2. Strain yTS43 in which the STE2 promoter was replaced by the SST2 promoter was made in the MATa2D background. This replacement construct consisted of a 4-piece fusion PCR that contained 59 homology, the URA3 marker, the SST2-promoter, and 39 homology.
K. lactis and L. kluyveri were transformed with 1 mg DNA according to published protocols 39, 40 , and S. cerevisiae was transformed using a standard lithium acetate protocol. Yeast were grown for 1 day on YEPD then replica plated onto selective media. RT-qPCR. K. lactis cells were grown overnight for ,14 h, then starved in SD medium lacking phosphate as previously described 22 . Cells were induced after 6 h with 6.25 mM a-factor pheromone (WSWITLR PGQPIF .95% purity, 100 mg ml 21 in 100% DMSO; Genemed Synthesis) or an equivalent amount of DMSO. Cells were removed at several time points and were pelleted, washed, and frozen in liquid nitrogen. Mutant strains were harvested at 4 h, the final time point. Each experiment was performed in triplicate a single time. RNA was extracted using the RiboPure RNA Purification kit (Ambion). The RNA was reverse transcribed into cDNA using Superscript II as described previously 41 . Transcript levels were measured using SYBR green on a StepOnePlus RT PCR machine (Applied Biosystems). Transcripts were normalized to that of VPS4, a gene that was found to be highly consistent across conditions in previous expression experiments 42 . Statistics were performed using an ANOVA. Chromatin immunoprecipitation. Strains yTS314 and yTS315 were grown using a phosphate starvation protocol modified from our previously published protocol 22 . Yeast were grown overnight for ,14 h, then pelleted, resuspended in phosphate starvation media, then diluted in 100-200 ml phosphate starvation media to OD 600 5 0.25-0.3. These cultures were grown for 2 h, then 13-mer a-factor pheromone was added to 6.25 mM, and the cultures were grown for an additional 2 h. Cells were crosslinked with 1% formaldehyde for 15 min, quenched with glycine, pelleted, washed, and frozen in liquid nitrogen. Cells were lysed in 300-700 ml lysis buffer (50 mM HEPES/KOH pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Na-deoxycholate) with added EDTA-free protease inhibitor tablet (Roche). Cells were transferred to a fresh tube with 500 ml 0.4 mm glass beads, and were lysed for ,45 min on a vortex genie with tube adaptor (LabRepCo). Lysate was recovered by centrifugation, and sonicated 3-43 on a Diagenode Bioruptor (level 5, 30 s on, 1 min off). Lysate was cleared by centrifugation at max speed in a table-top centrifuge at 4 uC. Immunoprecipitation was carried out overnight with 300 ml cleared lysate, 200 ml fresh lysis buffer, and 10 ml 200 mg ml 21 anti-c-myc antibody (Invitrogen). 50 ml of washed Protein G sepharose beads 50% slurry was added and incubated for 2 h. The beads were washed and eluted as previously described 43 . Crosslinking was reversed by incubating 16 h at 65 uC, and immunoprecipitated DNA was recovered using the MinElute kit (Qiagen). ChIP-Seq libraries were prepared using the NEBNext ChIP-Seq Library Prep kit for Illumina (New England Biolabs) and AMPure XP magnetic beads (Beckman Coulter, Inc.). Size distribution of the libraries was determined with a BioAnalyzer 2100 (Agilent). Libraries were pooled and sequenced on a HiSeq 2500 (Illumina) through the UCSF Center for Advanced Technology (cat.ucsf.edu). Quality of reads was checked using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were indexed and aligned to the genome using Bowtie 2 44 . File types were manipulated using SAMtools 45 , and peaks were called using MACS 46 . Coverage and peak calls were visualized in MochiView 47 . The ChIP experiment was performed with a total of three replicates on two separate days, and a single replicate was performed of the untagged control. Reporter assays. K. lactis reporter strains were grown as 1 ml cultures in SD medium overnight for ,14 h in a 96-well plate. Cells were pelleted, resuspended in phosphate starvation medium, and diluted to OD 600 5 0.25. Cells were grown 6 h, then induced with 6.25 mM a-factor (or DMSO for control cells) for 4 h. Cells were diluted tenfold into the same media before measuring GFP fluorescence on a BD LSR II Flow Cytometer. A total of 10,000 cell measurements were taken for each strain. Cells were gated to exclude debris and the mean of the cell population was used for further analysis. The autofluorescence level of a cell containing no reporter was subtracted from each reporter strain, and the standard deviation of each reporter strain was added to the standard deviation of the autofluorescence RESEARCH LETTER strain. Values were divided by the mean autofluorescence to give an indication of the signal relative to noise. Multiple independent isolates were tested for each reporter strain, and each experiment was performed separately two or more times.
In rare cases where one isolate displayed a drastic difference in expression from the others, it was tested to see whether it was a statistical outlier, and if so, was removed for subsequent experimental repetitions. Statistics for the reporter assays were conducted using an ANOVA followed by Tukey's HSD test. Selection on Ste12 cis-regulatory sites. The intergenic sequences for the a-specific genes were obtained from YGOB for the species S. cerevisiae, S. paradoxus, S. mikatae, S. uvarum, and S. kudriavzevii. 19 K. lactis strains were obtained from the Phaff Yeast Culture Collection (Davis, California). From these and 3 additional K. lactis strains, a-specific gene intergenic sequences were amplified from both directions using ExTaq (Takara) and Sanger sequenced. The intergenic regions from the Saccharomyces sensu stricto and K. lactis species complex were then analysed separately as follows. For each species or isolate, the a-specific gene intergenic regions were scored for the presence of strong and weak Ste12 cisregulatory regions. The intergenic regions were aligned with MUSCLE 48 , and concatenated for tree building. The appropriate nucleotide evolution model was selected as previously described 49 ; the HKY1G model was selected for the sensu stricto species, and the GTR1G model was selected for K. lactis. These models output the estimated evolutionary rate for each site in the alignment and each site was categorized as being part of a consensus or mismatched Ste12 cis-regulatory site in at least one species, or no site at all. Then, the trees generated by this method were used as input to test for different evolutionary rates among the different categories using the RPHAST package. The null model was generated using phyloFit on the intergenic regions lacking mismatched and consensus Ste12 sites using the 'HKY85' model for the sensu stricto species and the 'REV' model for K. lactis. Then, the mismatched and consensus Ste12 sites were tested for increased conservation in comparison the null model using phyloP. Individual a-specific genes and general pheromone-activated genes were scored for the presence of Ste12 cis-regulatory motifs in their upstream regulatory regions. Shown is the number of consensus Ste12 sites within 600 bp of the translation start site. Orthologues that could not be identified in a given species are shown in grey. The enrichment for the Ste12 motif in each set of genes in each species is shown in Fig. 1c . The K. lactis STE2 GFP reporter and heterologous reporter containing the a2-Mcm1 binding site were transformed into wild type and ste12D cells.
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Shown is mean fluorescence 6s.d. of three independent genetic isolates, grown and analysed separately. 
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